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The most precise determination of V us comes from semileptonic kaon decays. We have mea- 
sured with the KLOE detector at DA<3?NE, the Frascati <j> factory, all the experimental inputs 
to Vus for both neutral and charged kaons. Using our results we extract the value of Ki S with 
~ 0.9% fractional error, which is entirely dominated by the theoretical error on the knowl- 
edge of the normalization of the decay form factors, /+(0). A new determination of the ratio 
Vus/Vud is also presented, based on our precise measurement of the absolute branching ratio 
for the decay K — > fiv, combined with recent lattice results for the ratio fx/f-n- New results 
on CPT symmetry have also been achieved, which are based on the first measurement of the 
charge asymmetry for Ks — > nev decay. 



1 Introduction 



The CKM matrix element can be extracted from the measurement of the semileptonic decay 
widths (r = BR/r) and the most precise test of unitarity of the CKM matrix is performed from 
the first-row constraint: 1 — A = |Kid| 2 +| ^us| 2 +|Kib| 2 - Using V u d from nuclear beta decays, a test 
of the expectation A = with a precision of one part per mil can be performed, V u b contributing 
only at the level of 10 -5 . With the KLOE detector we can measure all experimental inputs to 
V us : branching ratios, lifetimes, and decay form factors. 
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In the DA$NE e + e~ collider, beams collide at a center-of-mass energy W ~ M{cj)). Since 
2001, KLOE has collected an integrated luminosity of ~2500pb~ 1 . Results presented below are 
based on 2001-2002 data, corresponding to an integrated luminosity of ~450pb~ 1 . The KLOE 
detector consists of a large cylindrical drift chamber surrounded by a lead/scintillating- fiber 
electromagnetic calorimeter. A superconducting coil around the calorimeter provides a 0.52 T 
field. The drift chamber,^ is 4m in diameter and 3.3m long. The momentum resolution is 
(j{pt)/pt ~ 0.4%. Two track vertices are reconstructed with a spatial resolution of ~ 3 mm. 
The calorimeter,^ composed of a barrel and two endcaps, covers 98% of the solid angle. Energy 
and time resolution are a{E)/E = 5.7%/ ^/E{GeV) and a(t) = 57 ps/V^(GeV) 100 ps. The 
KLOE trigger,^ uses calorimeter and drift chamber information. For the present analysis only 
the calorimeter signals are used. Two energy deposits above threshold, E > 50 MeV for the 
barrel and E > 150 MeV for the endcaps, are required. 

The 4> meson decays mainly into kaons: 49% to K + K~&nd 34% to K$Kl pairs. We can 
thus tag Kl, Kg-, K + , and K~ decays by detecting respectively K$, Kl, K~, and K + decays 
on the opposite hemisphere. The tagging technique is a unique opportunity of a ^ factory, 
and provides pure and almost monochromatic "beams" of kaons, thus allowing to measure the 
absolute branching ratios. The K$ beam is tagged using events with a Kl interacting in the 
calorimeter {K i-cxash) . i^-mesons are tagged detecting Kg — > 7r + 7r _ decays. Charged kaons 
are tagged using two-body decays, — > fi^u and — > ir^n® . For all of the cases it is 
possible to precisely measure the tagged kaon momentum from the knowledge of the 4> and the 
tagging kaon momenta. 

2 Kl decays 

2.1 Major Kl decays and lifetime 

As already stated, a pure sample of Kl decays is selected by the identification of K$ — > 7r + 7r~ 
decays. Events include Kl which decay to any possible final state in the detector volume, interact 
in the calorimeter or escape the detector. Starting from this sample, the Kl branching ratios 
are evaluated by counting the number of decays to each channel in the fiducial volume (FV) 
and correcting for the geometrical acceptance, the reconstruction efficiency, and the background 
contamination. 

Kl charged decays are identified by selecting a decay vertex in the FV matching the expected 
Kl flight direction, as defined by the tag. In order to discriminate among the different Kl 
charged modes the variable A M7r = \p m i ss — E m i ss \ is used, where p m iss and E m i ss are the 
missing momentum and missing energy at the Kl vertex, evaluated by assigning one track the 
pion mass and the other one the muon mass (left panel of Fig.^). Signal counting is thus 
achieved by fitting the A^ n spectrum with a linear combination of four Monte Carlo shapes 
(Kl — > 7rez^, 7r/i^, 7r + 7r _ 7r°, 7r + 7r _ ). The shape of spectrum is sensitive to the radiative 
corrections to Kl decay processes. The KLOE Monte Carlo includes very accurate generators 
for all of the radiative channels, which has been studied and implemented mostly in 2004.^1. 

To count Kl —> events decaying in the FV, we exploit the time-of-flight capability of 

the calorimeter to reconstruct the neutral vertex position. Such a vertex is assumed to be along 
the Kl line of flight. The arrival time of each photon identified in the calorimeter is thus used 
to give an independent determination of the path length of the Kl, Lx- The final value of Lk is 
obtained from a wheighted average of the different measurements coming from all of the photons. 
The analysis of the Kl — > 7r 7r°7r° sample is used not only to count events for BR measurement, 
but also to extract the Kl lifetime (tk l ) from a fit to the proper time distribution of neutral 
decay vertices. The KLOE environment is indeed very well suited for a direct measurement of 
tk l , because of the tagging technique which provides the value of the Kl momentum and allows 
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Figure 1: Left panel: distribution of A M „- for a data subsample, with fit to MC distributions for different decay 
channels. Right panel: KLOE results on semileptonic form factor slopes compared with other recent mea- 
surements; the black dot represents the values of A+ and A" obtained from the Taylor expansion of the pole 

parametrization. 



to select a pure sample of Kl decays. The result is tk l = 50.92 ± 0.17 ± 0.25 ns.^1 

A total of about 13 x 10 6 tagged events have been used for the measurement of the Kl BR's. 
Since the geometrical efficiency of the fiducial volume depends on the value of t he Kl lifetime, 
the sum of all of the decay modes is fixed to unity (BR's below 1% from PDG^^). This removes 
the uncertainty due to tk l , while giving at the same time a precise determination of Kl lifetime 
itself. Results for the main BR's are:^ 

BR(K L -f Treu) = 0.4007 ± 0.0005 stat ± 0.0004 syst _ stat ± 0.0014 syst , 

BR{K L ^TTfiu) = 0.2698 ± 0.0005 stat ± 0.0004 syst _ stat ±0.0014 syst , 

BR(K L -> 7r°7T°TT ) = 0.1997 ± 0.0003 stat ± 0.0004 syst _ stat ± 0.0019 syst , 1 > 

BR{K L -» tt+^-tt ) = 0.1263 ±0.0004 stat ±0.0003 syst - stat ±0.0011 syst . 

The corresponding lifetime is tk l = 50.72 ±0.11 sta t ±0.13 sys t- s tat ±0.33 syst ns, in agreement 
with the direct measurement that has been shown before. The two lifetime measurements are 
uncorrelated; their average is tk l = 50.84 ± 0.23 ns, and has a fractional error of 0.45%. This 
represents a factor of two improvement with respect to the previous measurements.^ 

2.2 Semileptonic form factor slopes 

In semileptonic kaon decays, Kl.s - » ir^t^v, only the vector part of the weak current has a non- 
vanishing matrix element between a kaon and a pion. The vector current is "almost" conserved. 
For a vector interaction, there are no SU (3)-breaking corrections to first order in the s-d mass 
difference, making calculations of hadronic matrix elements more reliable. In the electron mode 
Kl,s — > vr^e^ v, only the vector form factor f+(t) is involved, since extra terms in the matrix 
element depend on the electron mass. This form factor is usually parametrized as 



f + (t) = f + (o) 
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where /+(0) is evaluated from theory and t is the lepton-pair invariant mass squared. We used 
about 2 million of Kl — > T^ev decays from 2001-2002 data sample to measure the semileptonic 
form factor slopes. These have been extracted by fitting the spectrum of t/m 2 r+ for the selected 
events. The fit procedure takes into account the efficiency of the selection cuts, the resolution 



effects and the background contamination as a function of t. The results obtained for a quadratic 
fit are:E3 

A' + = (25.5 ± 1.5 stat ± 1.0 syst ) x 10- 3 

A'| = (1.4 ± 0.7 stat ± 0.4 syst ) x 10~ 3 , {) 

which gives a x 2 /ndf = 325/362 {P{x 2 ) = 92%). 

We have also fit the data using a pole parametrization: /+(i)//+(0) = My /{My — t). 
This assumes the form factor is dominated by the vector K — tt resonances, the closest being 
the A"* (892). We obtain My = (870 ± 6 stat ± 7 syst )MeV (x 2 /ndf = 326/363), that confirms 
the dominance of K* meson, although contributions from other J p = V~ resonant and non- 
resonant Kir scattering amplitudes are not negligible. Note that the quadratic parametrization 
of the form factor arises naturally as a Taylor expansion of the pole model, with the additional 
contraint A" = 2A+. This is nicely fullfilled by our result, which is competitive with other recent 
measurements^^ (right panel of Fig.^). 



3 Kg decay 

At the 4> factory very large samples of tagged, monochromatic K$ mesons are available. From 
the analysis of 2001-2002 data sample, we were able to obtain a very pure sample of ~ 13 000 
Ks semileptonic decay events and thus to accurately measure for the first time the partial decay 
rates for transitions to each charged final state, BR(i^5 — > e + 7r _ z/) and BR(-fT,s — > e _ 7r + ^), as 
well as the charge asymmetry As- 

= r (Kg -> TT~e + u) - T (Kg -> 7r+e~P) 
5 ~ r(K s -»■ n-e+u) +r(K s -> -K+e-j?)' U 

The comparison of As with the corresponding asymmetry Al for Kl decays allows precision 
tests of the CP and CPT symmetries. If CPT symmetry is assumed, both K$ and Kl charge 
asymmetries are expected to be equal to 2Ree~3xlO -3 . The difference between the charge 
asymmetries, 

As — Al = 4 (Re 5 + Rex_) , (5) 

signals CPT violation either in the mass matrix (<5 term), or in the decay amplitudes with 
AS 7^ AQ (x- term). The sum of the asymmetries, 

A S + A L = 4(Ree-Rey), (6) 

is related to CP violation in the mass matrix (e term) and to CPT violation in the decay 
amplitude (y term). The knowledge of both the Kl and the Ks semileptonic decay branching 
ratios and lifetimes allows the validity of the AS = AQ rule to be tested through the quantity 

1 F(K S -> 7re^) - T(K L -> neu) 
+ ~ 2 T{K S Ttev) + F(K L -» neu) ' 1 j 

In the SM, Rex+ is of the order of Gprni^ ~ 10~ , being due to second order weak transitions. 
Finally, from the semileptonic decays of Ks a competitive measur em ent of V ns can be extracted, 
which also profits of a very precise knowledge of the Ks lifetime. 

The first measurement of BR(i^5- — > ne v) was obtained from KLOE using data collected in 
2000, with a fractional accuracy of 5.4%.^^The present BR measurement improves on the total 
error by a factor of four, to 1.3%. The Ks charge asymmetry has never been measured before. 
Counting of events is performed by fitting the E m i ss — p m i ss spectrum with a combination 
of MC shapes for signal and background (Fig.EJ. For each charge state we obtain the ratio 
BR(i^5 — > 7r T e =l= ^(l7))/BR(il's — ► 7r + 7r~) by normalizing the number of signal events to the 




Figure 2: E m i SS — p m iss spectrum for events selected as -K~e + v (left panel) and n + e~V (right panel); filled dots 
represent data from the entire data set; solid line is the result of a fit varying the normalization of MC distributions 
for signal (light gray) and background (dark gray), which are also shown. 



number of K$ — ► it + it~ events and correcting for the overall selection efficiencies. In order to 
evaluate the BR's for the semileptonic modes, we combine the measured ratios with the ratio 
R s of the dominant Ks decay modes which is measured at KLOE. We obtain the following 
results:^! 

BR(K S -* TT~e + v) = (3.528 ± 0.062) x 10" 4 

BR(if<? -> 7T + e-z7) = (3.517 ± 0.058) x 10" 4 (8) 
BR(K S -► nev) = (7.046 ± 0.091) x 10~ 4 . 

The charge asymmetry of Eq. @ is evaluated to be:^ As = (1.5 ± 9.6 sta t ± 2.9 syst ) x 10 -3 . 
From the total BR we test the validity of the AS = AQ rule in CPT-conser ving transitions 
(Eq. EJ). In the evaluation of Vs we used t Ks = 0.08958(6) ns from the PDgE-U and KLOE 
results for tk l and BR(Kl — > ixev). We obtain Rex + = (—0.5 ± 3.6) x 10 _3 .^The error on 
this measurement repr esen ts an improvement by almost a factor of two with respect to the most 
precise previous result. ED 

From the sum and difference of the Kl and Kg charge asymmetries one can test for possible 
violations of the CPT symmetry, eithe r in the decay amplitudes or in the mass matr ix (Eqs. [5] 
and©. Using A l = (3.34±0.07) x 10" 3 Eland Re 5 = (3.0±3.3 ata t ±0.3 syst ) x 10~ 4 Plwe obtain 
Rex_ = ( —0.8 ± 2.5) x lO -3 .! 1 ^ This result improves by a factor of ten respect to the pr evious 
best result .El Using Ree = (1.62±0.04) x lO^plwe obtain Rey = (0.4 ± 2.5) x 10^ 3 ,ll^which 
has precision comparable to that (3xl0 -3 ) obtained from the unitarity relation by CPLEAR.^D 

Finally, we measured the form factor slope by fitting the ratio of data and MC distributions 
in t/?n^. + . The fit has been performed by using only a linear parametrization of the form factor, 
since the available statistics do not allow to be sensitive to a quadratic one. Th e linear slope of 
the semileptonic Ks form factor is measured to be A+ = (33.9 ± 4.1) x 10~ 3 .^^This result is in 
agreement with the corresponding value for the linear slope of the semileptonic Kl form-factor. 



4 Charged kaon decays 

4-1 Semileptonic K^ decays 

The measurement of the branching ratios for the K^ semileptonic decays is performed using 
four data samples defined by different decay modes and charge states of the tagging kaon: K^ 2 , 



K^ 2 , K~ 2 , and K~ 2 ■ This redundancy allows to keep under control the systematic effects due to 
the tag selection. Kaons are identified as tracks with momentum 70 < p < 130 MeV, originating 
from the collision point. The kaon decay vertex must be within a fiducial volume (FV) defined as 
a cylinder of radius 40 < r < 150 cm, centered at the collision point, coaxial with the beams. The 
decay track, extrapolated to the calorimeter, must point to an appropriate energy deposit. K„ 2 
(K n2 ) decays are selected by applying a 3a cuts around the muon (pion) momentum calculated 
in the kaon rest frame, according to the proper mass hypothesis. For the K^ 2 tag, identification 
of the 7T° from the vertex is also required. Finally, to reduce the dependence of the tag selection 
efficiency on the decay mode of the signal kaon, the tagging decay is required to satisfy the 
calorimeter trigger by itself. To select a semileptonic decay on the signal side, a one-prong kaon 
decay vertex must be present in the FV. The daughter track has to reach the calorimeter and to 
overlap an energy deposit; two-body decays are rejected by requiring that its momentum in the 
kaon frame, computed assuming the pion mass, is less than 195 MeV. The lepton mass (mi ep t) 
is obtained from the velocity of the lepton computed from the time of flight. The number of 
K e3 and decays is then obtained by fitting the mf ept distribution (Fig.EJ) to a sum of MC 
distributions for the signals and the various background sources. 



> 



£2 3000 
> 





Entries 


102340 


- • Data 






Mc fit result: 


o N(7t°e"v) = 62781±321 






□ N(7tV"v) = 37461±264 






\ 

('a N(Bkg-) = 2097±113 
f ' 




( 


■ t 

! t 
i 

i 




t 

I 

/ 
t 
i 

/ 


\ A 

\ i \ 

< / \ 

V V 





15000 -10000 -5000 5000 10000 15000 20000 25000 30000 

m 2 (MeV 2 ) 



Figure 3: Lepton mass distribution of the K l3 sample tagged by Kj 2 events; K e3 events are recognized as a peak 
around mf eJrt = 0, while events peak around mf epi ~ m^. 



The BR is evaluated separately for each tag sample, dividing the number of signal counts 
by the number of tag events and correcting for acceptances. The latter are obtained from 
MC simulation, and correcting for data-MC differences in tracking efficiency and calorimeter 
clustering. About 190 000 and 100 000 K^ 3 decays are selected. Preliminary results for the 
BR's are: 

(5.047 ± 0.046 stat ± 0.080 syst )% 
V3 , - (3.310 ±0.040 stat ±0.070 syst )%. 

These values have been averaged over the four different tag samples for each channel, 
quoted systematic error is still preliminary. 



0) 
The 



4-2 iC ± lifetime 

The lifetime (t^±) is an experimental input to the determination of V us . The present 
fractional uncertainty is about 0.2%, corresponding to an uncertainty of 0.1% for V us . However, 
there are large discrepancies between results of different experiments. The value of t k ± also 



affects the geometrical acceptance in BR measurements. KLOE is measuring t k ± with high- 
statistics using two different methods: one based on the measurement of the decay length and 
the other on the decay time of the kaons. Comparison between the two methods will allow to 
decrease the systematic error. The preliminary result from the decay length measurement is 
t k ± = 12.336 ± 0.044 stat ± 0.065 syst ns. 

5 Determination of V us 

V us is proportional to the square root of the partial width of semileptonic kaon decays , and can 
be parametrized, for neutral kaon decays, as: 



IKs/+(0)| 



128vr 3 r 



G2M|5 ew /(A' + ,A'|,Ao,0) 



1/2 

T— "7— > (10) 
1 + em 



where /+(0) is the vector form factor at zero momentum transfer and A", Ao, 0) is the 

result of the phase space integration after factorizing out /+(0). In the above expression, long- 
distance radiative corrections for both the form factor /+(0) and the phase space integral have 
been factorized out and a re inclu ded in the parameter <5 em , which amounts to 5 — 8 x 10~ 3 for 
K e 3 and K u ^ respectively. HZlED The short-distance electroweak corrections are included in the 
parameter 5 CW = 1.0232;™ A' + and A'j are the quadratic slopes of the vector form factor, and 
Ao is the slope of the scalar form factor. 

The BR's of the semileptonic Ki decays (and tk l ), together with the measurement of 
BR(Ks — > irev) and the preliminary results on the semileptonic decays, give five independent 
determinations of the observable |V|! S /+(0)|. The average of KLOE results is |Vu S / + (0)| = 
0.2166 ± 0.0005, with x 2 /ndf = 1.9/4. The fractional unce rtainty is about 0.25%. A precise 
estimate of /+(0) = 0.961 ± 0.008 was first given in 1984,1221 and it has been recently confirmed 
by lattice calculations Using the previous value for /+(0) and the KLOE result for |VJ 1S / + (0)| 
we find V ns = 0.2254 ± 0.0020. This has to be compared with the value obtained from unitarity 
contraint: V us = yjl - \f d = 0.2275 ± 0.0012.E2I 

A complementary approach to the previous determination of V us is the extraction of |V^ s |/|lud| 
from the measurement of the ratio of kaon and pion leptonic decay rates, which is parametrized 
by the equation 

T{K _> ^) |y us |2 m K (1-7^) f R l + z Ck 

r(*)-+»)y |^ ud | 2 / ™ay» /2 1 + fC,' 1 j 

where fx and f n are the kaon and the pion decay contants, respectively; Ck and C n parametrize 
the radiative electroweak corrections. KLOE has recently measured the absolute K^ 2 branching 
ratio, with incl usion of photon radiation in the final state: BR(i^ + — > /x + ^)=0.6366±0.0009 s t a t 
±0.0015 sys t Using a recent lattice calculation of the ratio Jk/J-k of pseudoscalar meson decay 
constants,^! we find V^/Vud = 0.2294 ± 0.0026. The fractional error is ~ 1%, and is dominated 
by the uncertainty in the fx/ fir ratio. The previous results on V us and V ns /V u ^, together with 
the present knowledge of V u d are shown in Fig.0J a black line represents the unitarity constraint. 
A combined fit of the experimental results gives V ns = 0.2246 ± 0.0016. In the same Vug-V^d 
plane, the experimental data match the unitarity constraint with P(x 2 )~0.23. 
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